We compared the outcomes of multiple myeloma (MM) patients aged 21-40 and 41-60 years in the novel agent era. This case-control study included 1089 patients between 2000 and 2015. Cases and controls were matched for sex, International Staging System (ISS) stage and institution. There were 173 patients in the younger group and 916 patients in the older group. Younger patients presented with a higher incidence of lytic lesions (82% vs. 72%; P = 0Á04) and high-risk cytogenetic abnormalities (83% vs. 68%; P = 0Á007), but lower rate of elevated lactate dehydrogenase (21% vs. 44%; P < 0Á001). Five-and 10-year overall survival (OS) in younger versus older patients was 83% vs. 67% and 56% vs. 39%, respectively (P < 0Á001). Similar results were seen when studying the subset of 780 patients who underwent autologous transplantation. Younger patients with ISS stage 1 had a better OS than older patients (P < 0Á001). There was no survival difference between younger and older patients with ISS stage 2 or 3. Younger MM patients, aged 21-40 years, treated in the era of novel agents have a better OS than their counterparts aged 41-60 years, but the survival advantage observed in younger patients was lost in more advanced stages of MM.
Multiple myeloma (MM) is characterized by the neoplastic proliferation of plasma cells, particularly affecting the elderly, with a median age of 70 years (Kyle et al, 2003) . MM comprises 1% of all neoplasms and over 10% of haematological malignancies. The incidence of MM has increased over the past few decades directly proportional to the aging of the population worldwide and increased awareness. Recent improvements in survival are most likely due to the emergence of new therapeutic options (Kumar et al, 2014) .
Given that individuals under 40 years of age rarely suffer from myeloma (up to 2% of all cases), limited studies are focused on the incidence, outcomes and prognosis of young MM patients, with most of the available data arising from case reports or small series (Hewell & Alexanian, 1976; Lazarus et al, 1980; Blade et al, 1996; Cheema et al, 2009 ). In general, treatment outcomes in younger patients are better than those observed in older patients groups. These differences may be explained by less comorbidity in the younger patients, and the incorporation of autologous stem cell transplantation (ASCT) in younger patients. In the era of novel agents, intensive therapy shows a clear survival advantage, particularly in patients under 60 years of age (Lenhoff et al, 2006) .
In our study, we identified 173 patients who were 40 years or younger at the time of MM diagnosis, and compared their characteristics and outcomes with matched older patients aged 41-60 years treated in the era of novel agents.
Materials and methods

Case selection
Between January 2000 and December 2015, 1089 previously untreated patients aged 21-60 years with a pathological diagnosis of MM were identified from the medical records at the participating institutions. Pathological reports were reviewed by expert haematopathologists at the participating institutions and reclassified, if necessary, according to the 2008 World Health Organization (WHO) Classification of Tumours of the Haematopoietic and Lymphoid Tissues (Campo et al, 2011) . The study protocol was reviewed and approved by the Institutional Review Board of each participating institution.
Data analysis
Clinical data were gathered from the medical records of patients fulfilling the inclusion criteria. Clinical parameters were categorized and included age (21-40 years vs. 41-60 years), sex (male vs. female), heavy chain (IgG vs. non-IgG myeloma) and light chain (kappa vs. lambda), haemoglobin (≥100 g/l vs. <100 g/l), calcium (elevated vs. normal) and lactate dehydrogenase (LDH) serum levels (elevated vs. normal), estimated glomerular filtration rate (GFR; >60 ml/min vs. ≤60 ml/min), presence vs. absence of lytic bone lesions (as assessed by skeletal surveys or magnetic resonance imaging), International Scoring System (ISS, 1, 2 and 3), cytogenetic abnormalities (high-risk vs. other) and overall survival (OS).
Overall survival was defined as the time in months from diagnosis to last follow-up or death. Non-IgG myeloma included IgA, IgD, light chain only and non-secretory myeloma. High-risk cytogenetic abnormalities included del(17p) and t(4;14) (Rajkumar, 2016) . Patients were divided according to their response to first line therapy into complete response (CR), very good partial response (VGPR), partial response (PR), and no response (NR) (Durie et al, 2006) . For this analysis, CR includes stringent and near CR, and NR includes stable and progressive disease.
The distribution of missing data appeared random, and was as follows (young vs. older group): haemoglobin (5% vs. 6%), calcium level (8% vs. 28%), LDH (46 vs. 86%), GFR (8% in both groups), presence of bone lytic lesions (22% vs. 84%), ISS stage (14% vs. 21%) and cytogenetic abnormalities (53% vs. 80%). All other data were complete.
Statistical analysis
The Chi-square and the rank-sum tests were used to compare categorical and continuous variables, respectively. OS was defined as the time in months between date of diagnosis and the date of last follow-up or death. For the survival analysis, the Kaplan-Meier method was used to generate survival curves, which were then compared using the log-rank test. The Cox proportional-hazard regression method was used to fit univariate and multivariate survival models, the results of which are reported as hazard ratio (HR) with 95% confidence intervals (CIs). Due to the high rates of missing data, LDH and cytogenetic abnormalities were not included in the survival analyses. Variables with significant P-values in the univariate analysis were then included in the multivariate analysis. All reported P-values are two-sided, and were considered significant if less than 0Á05. Calculations and graphics were obtained using the statistical software STATA version 13Á1 (College Station, Texas, USA).
Results
A total of 1089 patients with a histologically confirmed diagnosis of MM were included in this analysis, of which 173 patients (16%) were 21-40 years of age (younger group), and 916 (84%) aged 41-60 years (older group). The median age in the younger group was 37 vs. 55 years in the older group. There was a male predominance with a male:female ratio of 1Á3:1 in the entire cohort, and 1Á5:1 in the younger group. Younger patients presented with a higher proportion of lytic lesions (82% vs. 74%; P = 0Á04) and high-risk cytogenetic abnormalities (32% vs. 17%; P = 0Á007), but lower elevated LDH (21% vs. 44%; P < 0Á001). There were no significant differences in gender, heavy chain or light chain restriction, haemoglobin levels, estimated GFR, calcium levels or ISS stage. Selected patient characteristics are shown in Table I .
Of the 780 patients (72%) who underwent ASCT, 83 patients (11%) were 21-40 years old and 697 (89%) were aged older than 40 years. Similar to the entire cohort, the analysis of clinical characteristics in patients who received ASCT showed that younger patients had higher rates of lytic lesions at diagnosis (85% vs. 75%; P = 0Á04). Otherwise, there were no differences in the characteristics between groups.
All patients were treated with novel agents. The younger group had CR, VGPR, PR and NR rates of 32%, 23%, 24% and 21%, respectively, while these were 29%, 28%, 26% and 17%, respectively, in the older group (P = 0Á51). The overall response rate (ORR: CR/VGPR/PR) was similar in younger and older patients (79 vs. 83%). In the ASCT-only sub-analysis, the CR, VGPR, PR and NR rates in the younger group were 33%, 23%, 27% and 18%, while those in the older group were 34%, 30%, 25% and 12%, respectively (P = 0Á19). The ORR for the younger and older group was 82% and 88%, respectively.
The median follow-up time was 51 months, and the median OS for the entire group was 95 months (7Á9 years), with 5-and 10-year OS rates of 70% (95% CI 67-73%) and 42% (95% CI 37-47%), respectively ( Fig 1A) . The difference in 5and 10-year OS between younger and older group was 83% vs. 67% and 56% vs. 39%, respectively (P < 0Á001; Fig 1B) . In the univariate analysis, younger age and IgG-restricted myeloma were associated with longer survival (median OS: not reached vs. 91 months, and 104 vs. 88 months, respectively), whereas haemoglobin <100 g/l (80 vs. 104 months), estimated GFR ≤60 ml/min (78 vs. 102 months), and high ISS stage (184 months for ISS 1 vs. 87 months for ISS 2 vs. 75 months for ISS 3) were associated with worse OS. Univariate and multivariate models are shown in Table II . In patients who underwent ASCT, the median OS was 107 months (8Á7 years) with 5-and 10-year OS rates of 73% and 45%, respectively ( Fig 1C) . For the younger group, the median OS was not reached versus 101 months in the older group. In the younger group, the 5-and 10-year OS rates were 84% and 62%, compared with 71% and 42% in the older group, respectively (P = 0Á01; Fig 1D) .
We then fitted univariate and multivariate survival models into the younger cohort only, looking for specific factors affecting OS in young patients; the results are shown in The OS in older patients presenting with ISS 1 was worse than in their younger counterparts (127 months vs. not reached, Fig 2A) . There was a trend towards worse OS in ISS 2 for older patients compared with young patients (79 months vs. not reached, Fig 2B) , but not for patients presenting with ISS 3 (72 vs. 84 months; Fig 2C) . In ASCT patients, older patients had worse OS in ISS 1 (134 months vs. not reached; Fig 2D) and ISS 2 (89 months vs. not reached; Fig 2E) , but there were no differences in ISS 3 (83 vs. 102 months; Fig 2F) .
Response to first line therapy was associated with better OS. Using CR as comparator (HR 1Á0), patients with VGPR, PR and NR had a HR of 1Á86 (95% CI 0Á98-3Á52; P = 0Á06), 2Á29 (95% CI 1Á20-4Á40; P = 0Á01) and 3Á49 (95% CI 1Á79-6Á82; P < 0Á001) for all-cause mortality, respectively. In the ASCT group, patients who did not achieve a CR had a worse outcome; VGPR, PR and NR were associated with a HR of 1Á89 (95% CI 1Á33-2Á70; P < 0Á001), 1Á61 (95% CI 1Á11-2Á31; P = 0Á01) and 1Á59 (95% CI 0Á93-2Á69; P = 0Á09) for all-cause mortality, respectively.
Discussion
Multiple myeloma is uncommon in individuals younger than 40 years (approximately 2%) (Waxman et al, 2010) . Given the low incidence of MM in young people, most data on clinical presentation and outcome come from single case reports or small case series. A previous study on 72 myeloma patients younger than 40 years was published two decades ago and evaluated patients diagnosed and treated between 1956 and 1992 (Blade et al, 1996) . A recent retrospective report reviewed 38 patients who were under 40 years of age at the time of MM diagnosis and had undergone upfront ASCT between 1990 and 2007 (Cheema et al, 2009 . One large, recently published, multi-centre study (10 549 patients from 17 institutions), focusing on survival and years of life lost in different age cohorts, has described the presenting features and prognosis of young MM patients treated in the era of novel agents (Ludwig et al, 2010) .
The present multi-institutional study was performed to investigate disease-specific and subject-related factors affecting the outcome of treatment of MM in different age groups. Among 1089 patients included in our study, 173 (16%) were 40 years or younger. There was a male predominance in the younger group, which was also found in previous studies (Blade et al, 1996) . A registry-based study from Sweden, reviewing MM patients treated between 1950 -1959 and 1970 -1979 , showed a shift towards a younger subject population, particularly males, over the three decades of observation .
In our study, the rates of anaemia, kidney disease, and hypercalcaemia in young patients were similar to older patients, and comparable to those previously reported (Blade et al, 1996) . Although no difference in haemoglobin levels was observed between the study groups, it should be noted that the majority of the patients (73% of the older, and 69% of the younger group) presented with haemoglobin >100 g/l. With a cut-off of hemhaemoglobin level <120 g/l applied to our study, the percentage of entire cohort, as well as younger and older patients, was around 60%. This similar finding was observed in a previous study, in which 60% of patients also had haemoglobin level <120 g/l (Blade et al, 1996) . With regard to bone lytic lesions, a similar study published two decades ago reported a lesion rate of 68% (Blade et al, 1996) , which is lower than the one observed in our study. This discrepancy can be partly explained by the recent development of more sensitive diagnostic imaging tools, such as computed tomography, magnetic resonance imaging and positron emission tomography. The prognosis in MM is affected by host factors (i.e. age, performance status, comorbidities), disease stage, disease biology and response to therapy. Although survival may have improved in recent years, MM is still considered an incurable disease (Kristinsson et al, 2007; Rajkumar, 2016) . In our study, the median OS for the entire group was approximately 8 years, with 5-year OS rates of 70%, which is comparable to the results of a study on newly diagnosed MM from 11 international trials and shows significant improvement in comparison to data published earlier (Blade et al, 1996; Rajkumar, 2016) . These improvements in OS are probably the result of incorporation of novel therapies, increased use of haematopoietic stem cell transplantation, earlier and more accurate diagnosis of MM, advances in supportive care and improved risk-stratification (Rajkumar, 2016) .
In previously published series of young MM patients, the median survival time was 4Á5 years (Blade et al, 1996) . This is interesting if one considers that such series included patients from 1956, when novel drugs for this disease were not available. Patients younger than 40 years with normal renal function had a median survival of 8 years (Blade et al, 1996) . Although the median survival of 4Á5 years in Mayo Clinic patients younger than 40 years is the longest reported so far in long-term studies of patients with MM that were conventionally treated, it was suboptimal (Kumar et al, 2014) . In our study, the 10-year OS in young MM patients has improved remarkably. In contrast, the 10-year OS of their older (41-60 years) counterparts was 39%. The reduced survival rate observed in the older group cannot be attributed to their older age only, but is likely to reflect diseaserelated factors.
Younger patients showed better survival regardless of the response to first line treatment. Admittedly, our study did not focus directly on the analysis of the effectiveness of therapy and there is a need for further investigations to confirm the supposition that a younger MM population might be more likely to benefit from subsequent treatments, including autologous or allogeneic transplantation. This benefit could derive from a better tolerance to the conditioning regimens and, perhaps, better immunosurveillance that could allow long-lasting control of disease once a very low tumour burden is achieved.
Stratification for ISS stage revealed a very interesting observation for MM patients aged 40 years or younger: a significantly better OS than older patients with ISS stage 1, with only a trend towards significance for ISS stage 2, and no different outcome compared to the older patients with the highest ISS stage. These findings could represent the different disease biology of patients who present at advanced stage of disease. However, younger patients with ISS stage 3 survived 12 months longer on average than older patients. One of the most important findings of this paper is that the median OS in low ISS has not been reached in young patients, with a 10-year OS approaching 80%, compared with a 10-year OS of 59% and 10% for Stage 2 and Stage 3 in the older population, respectively.
To date, this is the largest study on the prognosis, outcomes and clinical characteristics of young MM patients treated with novel agents. Nevertheless, our study is not without limitations. Although our study was retrospective in nature the multi-centre modality has enabled a large cohort of young patients with MM diagnosed and treated in the modern era to be gathered. Missing data are common in retrospective studies. We have decided to report missing data for transparency purposes. Any analysis was only performed on those patients with a complete data set. Although it is most likely that all patients were treated with novel agents, specific data on lines of therapy were not collected. The treatment modalities at different institutions might not be uniform, however, given the era of accrual, we believe most patients were treated with a combination of alkylators, proteasome inhibitors and/or immunomodulatory drugs. Despite these shortcomings, we were able to perform a meaningful comparison of factors, which may have an effect on the outcome of younger patients with MM. Our results represent a "real-world" cohort of MM patients.
As the field of MM therapy advances with the advent of novel proteasome inhibitors (e.g. ixazomib), immunonomodulating drugs (e.g. pomalidomide) and monoclonal antibodies (i.e. daratumumab, elotuzumab), it is unclear what the role of these agents will be in the treatment of young patients with MM. Our study indirectly shows a survival benefit in patients undergoing ASCT regardless of age and ISS stage. However, the best approach to this question is through randomized controlled studies. The final results of the Intergroupe Francophone Du Myelome/Dana-Farber Cancer Institute 2009 trial (ClinicalTrials.Gov Identifier NCT01191060) are eagerly expected. Preliminary data from this study are encouraging in favour of a survival benefit with the use of ASCT in young patients with de novo MM (Attal et al, 2015) . The best therapeutic approach in young MM patients should include induction therapy with novel agents followed by ASCT, whenever possible.
In conclusion, we have shown that patients with MM aged 21-40 years had better survival when compared to patients aged 41-60 years, independent of other clinical factors. Our study showed that MM patients aged 40 years or younger had a median OS time that has not been reached at 10 years. The survival advantage in younger patients is lost in more advanced stages of MM, where both younger and older groups have a poorer outcome. These data should be taken into account when designing new clinical trials enrolling young MM patients, as well as in prognostic discussions in the clinic.
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